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•ton s -st-mat-i l. T , i -r I h ,ur oet ",p<rC,--l udire the t"• ,'cr r, 7 -nP•e.I fnstru l w.-r1$ he,,vh s'1 C,$tinq data 5ourco-. in examining the failure of include delamination, fiber debonding and breakage, and matrix miunidirectional short-beam specimens, discovered that pure Mode crocracking. In this paper. the influence of these damage modes on 1I failure along the specimen midphane was not the mode of the failure of the short-beam three-point bend test is investigated for fracture. Rather, compressive stresses in the regions of high ina composite with a quasi-isotropic layup. Failure is found to initiate in a region near the point of application of the load, a location where terlaminar shear stress were found to suppress interlaminar-shear classical-type analytical descriptions of specimen behavior are unrefailure modes, and initial damage as a result of vertical cracking liable. Furthermore, the locations of failure show little reproducibilwas found to precede final failure caused by large-scale delamity. Observed fracture behavior is explained in terms ot the overall ination. If the failure process is this complex, then the applied stress state in the beam before fracture, and failure is predicted from load at failure does not depend solely on the interlaminar shear the stress map, using the maximum strain criterion.
strength, making the test useless for its intended purpose. Fig. 1 , has long the load nose and the supports are never dissipated. been used to quantify the shear strength of laminated compositefor reexamination maenrials. The iqterlaminar shear stress at failure is then calof the short-beam three-point bend specimen for specific comculated using the equation posite configurations. Such an examination must determine whether a simple relationship between loading and fracture ex- 
current effort answers these questions for a graphitejepoxy laminate with a quasi-isotropic layup.
where T = interlaminar shear stress, P = applied load at failure, and A = cross-sectional area of the specimen. z
The standard procedure for the short-beam shear test is in-V tended for use with unidirectional composites with fibers oriented along the length of the specimen. Equation 1 is based on a P parabolic through-the-thickness shear stress distribution with aB/ maximum at the beam midplane. This simple strength of ma- ) . were bonded to the upper two-dimensional (2-D) plane-stress model. Both meshes considand lower surfaces to minimize the bearing effect at the supports ered one ply to be one element thick. The [AL mesh used and the applied load location, elements of aspect ratio 5 : 1, except within five-ply thicknesses The material properties for the graphite/epoxy and the fiberof the load nose and support, where the ratio w~as 1: 1. These glass plies are given in Table 2 . The material was an AS4/350t2 os were note ame inpthetfiberg plesrati h s I re1alss graphite/epoxyratios were not the same in the fiberglass plies which re also bend-0 ne element thick but had a greater real thickness than the other load data for four specimens tested to failure in three-point bendplies. The AL mesh modelled only one half of the specimen. ing are given in Table 3 . The shear strength predictions in the taking advantage of the symmetry of the problem about the table are based on Eq 1. The failed specimens were sectioned loading axis. Figure 2 shows the mesh used for the EAL model. with a silicon carbide saw, and the sections were analyzed using
/ --------------------------.
The number of elements is 1900, and the total number of degrees a scanning electron microscope (SEM).
of freedom is 3940. The heavy horizontal line in the figure corresponds to an assumed crack.
Numerical Methods
Subsequent EAL models involving assumed cracks in the specimen near the free end also had mesh refinement to an aspect Numerical analysis of the specimen concentrated on the pheratio of 1 : 1 in the vicinity of the crack tip. These models were nomenon of delamination. Delamination analysis can be based used to find the strain energy release rates associated with the on two approaches: the strain energy release rate approach and as ed c k usin e zero-leng th elemen te d outline the interlaminar stress approach. The intertaminar stresses deinaRef 5.
velop at interfaces between plies to keep the laminate in a state of equilibrium and kinematic compatibility. Delamination occurs when these stresses reach the interlaminar strength of the material. The strain energy release rate approach is based on the 1 actual process of fracture, rather than the ,,rength concept. De-. lamination can propagate when the strain energy release rate at 
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The GAMNAS model did not use a symmetry plane. and all which final failure was observed for that interface. Since the elements were of approximate aspect ratio 4: 1, except for dielayup includes 50 plies, there are 49 interfaces, of which Interface ments in the fiberglass plies, which were of approximate aspect 25 is the midplane. It is seen that the failures took place well ratio 1.2: 1. There are 26M0 elements and 5404 degrees of freeaway from the midplane. Note the large amount of variation in dom in this mesh. The mesh is coarse in comparison with the the locations of delamination. No single interface accounts for EAL discretization, since the element is based upon a nonlinear even a majority of the observed failures. This would not be the formulation.
case if fracture was driven by a simple mechanical process. In The GAMNAS model was used to predict the stress field in other materials, such variation in fracture behavior might be the specimen using an assumption of geometric nonlinearity. The attributed to the random distribution of material defects. Several EAL model was used to predict the strain energy release rate types of processing defects, such as voids, resin-rich areas, and using the zero-length element, as well as the stress field. Coinbridged fibers, can affect fracture behavior. However, such deparison of the stress field results from thc two codes showed fects usually do not drive fracture behavior to the extent found geometric nonlinearity effects to be negligible. This supports the in Table 4 . Also note that several specimens showed additional, use of the linear EAL model, which was much simpler to use secondary cracking above the midplane, indicating a complex for a large number of similar but nonidentical configurations. failure process. It was observed that the delaminations did not extend for the full length of the specimen. Finally, note that all Results of Numerical Analysis of the specimens in which one primary delamination aplicared to the naked eye had that single delamination below the midplane. Figure 4 shows actual failed specimens. illustrating the Sutr-e Maps-uTable 4 shows the locations of delamination fail variability in crack location. The locations of the roller supports ure obserxed visually by the naked eye and using an optical and applied load are shown schematically in Fig. 5 . microscope at x 30 magnification for a representative group of samples. Figure 3 shows the ply-and interface-numbering scheme. The table lists, for each interface, the number of specimens in 
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The GAMNAS analysis yielded stress profiies for the specimen Figure 7 maps the chordwise stress yr ' hi's figure is much as under load, which are shown as Figs. 6, 7. and .. On the basis would be expected, with a typical bending-stress profile and hlie of the data shown in Table 3 . a load of 4448 N (1000 Ibs) was largest magnitudes near the load nose. As a check lor reasonselected for these calculations. These figures show one half of ableness, a two-dimensional plot of (r, appears oi the insert Io the y-z plane. The coordinate system can be understood in terms Fig. 7 . These values are taken at Y -7.9375 mm (i.3l12" in.), of Fig. 1 . which also shows the v-z plane. The origin of the a location well removed from the stress conrcentrations at the coordinate system is at the midplane directly beneath the load load nose and support, and are shown as the light line on the nose. Thus, the load is applied at the point (0. t,,/2), and the plot. The dashed line graphs the (r,, values predicted from isosupports are located at the points ( t c, -t,,.,.&2). A schematic tropic beamn theory for a homogeneous beam v ith smeared proprepresentation of this region is shown in Fig. 5. erties. This simple model well rcpresent:; n, gnitudc and Figure 
1.6"
In summary, the beam-theory analysis used to derive Lq I significantly underestimates the magnitude of the stress beneath the load nose and near the support. while adequately predicting 1," it elsewhere.
Failure Predicijons -Figures 6. 7, and 8 indicate that it is un-S0.0 likely that damage initiate.,d at the specimen free ends. which are nearly stress fret.. To confirm this, failure of the specimen was 0.4' analy'zed. using the niaximum-strairi criterion. Stress data frmm each element in the GAMNAS model were converted to strain data, and these strains were compared to the material strain to failure. The strains to failure for the fiber. matrix, and shear -o orientations are It 100. 6800, and 2(1 00Il) ,•, respectivcly. 'I nc fraction of the critical strain in the fiber, matrix, and shear onentations was calculated, and the largest of these was selected. with the assigned data values capped at 1(0)"0 of strain to failure. The resulting data provide a map of nearness to f,,ilure at each location in the specimen and are shown in Fig. 9. [he load usid for this figure is 5338 N (120( lhs). This is similar to the actual failure loads. Figures 10. 11. and 12 show nearness to failure maps for tne The maximum strain-to-failure map of Fig. 9 wxa, modified to three stress components: chordwise, peel. and shear. Considered include additional failure modes observed by McCleskec• for along with Fig. 9 . they offer insights into the possible causes of laminates made of glass-epoxy material. Mc('leskev's laminates failure at various locations. For example, Fig. 9 shows that failure consisted of eight plies, each of thickness 1).5255 mm (0 (1325 is imminent in the region near the load nose: reference to Figs.
in.), and were of lavulp [901-45./45/.01. When these specimens 10, l I, and 12 shows that this is primarily due to chordwise were tested in three-point bend~ing, a 00° ply near the midplane stresses, although peel and shear stresses could also contribute, was observed to crack at an angle of 450 to the midprane, as Failure as a result of crushing is also incipient near the support.
shown in Fig. 13 . McCleskey suggested that these faih, res were and failure as a result of chordwise stresses below the midplane due to the state of nearly pure shear near the specimen midpiane near the load nose is also a possibility. In' contrast, the midplane, resolving itself into a tensile stress at ai 450 angle to the midplane. where beam theory predicts the largest shear stresses, is the This ,stress would act upon the matrix of a 00° ply. region least vulnerable to failure. This is consistent with the observed cracks in the tested specimens. which failed below the 'S. Fig. 9 the map ot to be zero, then this largest normal stress is the principal stress Fig. 16 shows a significantly Increased II-IrneS, to failure II the with the largest magnitude. The percentage of strain to failure interior of this specimen. While there is not ,itugh of an increase can then be calculated using this largest principal stress, and the to make this a principal initial failure location, the posibilit\ ot appropriate tensile or compressive modulus for loads applied cracking in the interior of the specimen is significantl, enhanced. normal to the fibers.
Strain Energ\ Release Rate Anal~si--AL niodcllina %as used A similar phenomenon might take place in the 45" plies, lead-"strain energy release ratpril, at modell watiused Ito construct strain energy release ratle profiles at three locations. ing to a failure surface as shown in Fig. 15 . To predict this second
In the first profile, a crack of length 1.778 nm (f 17 in. ). centered additional failure mode, it would be necessary to determine the beneath the load nose, was considered. It was Tieeessarv to make traction normal to the fracture surface shown in this figure. and the crack this length to distance the crack tip from the region of therefore, to perform a three-dimensional stress transformation, the symnetry plane used in the model. A schematic ot the mesh assuming the out-of-plane stresses to be zero. The percentage of ts show n pn used in th e e n A he of 45 p ile, t strain to failure for this fracture mode could then be calculated i -the traction resolved on this face, and the terface 32. This crack was assumed at each of the .arious interusing appropriate faces, and the resulting strain energy release rate,, crc calcutensile or compressive modulus for loads applied normal to the fibers. Z The analysis that produced As shown in Fig. 19 , the strain energy release rate for assumed interlaminar cracks beneath the load nose increases rapidly as 0 the flaw is placed nearer to the point of application of the load. However, for flaws assumed in the range of high shear stre'-s a Ns away from the load nose, strain energy release rates remain relatively negligible. Figure 19 shows that cracking can occur in plies near the load nose. but is unlikely awa% from this region. This supports the data of Fig. 9 . which indicate that overstress failure is found in this same region.
Results of Fractographic Anahsis
Microscopic analysis of a failed specimen showed several per-""; tinent features, many of which were visible with the naked eve "after the specimen had been sputter-coated. Directly beneath " "the load nose. many cracks were observed running p, ipendicular S ""to the direction of load application. One such is shown in Fig 'ondthl , le'(h'kev "luathere 'tl,'dc w'is found beneath the load nose. above the midplane. Figure 21 shows some smailer flaws in [lic saie. . [hc lated. This addressed specimen behavior in the region of maximum presence of such flaws supports the analyltical determination thal absolute chord stress and peel stress. In the second profile, this extensive damage as a result of crushing in this region will lead was repeated for an assumed crack of length 1.254 mm (01. 01 to the growth of cracks. in.), centered 10.16 mm (0).40 in.) from the load nose, near the Figure 22 shows the failure of a -45-ply beilo the midplane. region of maximum absolute shear stress. Finally. a crack of near the load nose. This ply has experienced matrix failure. length 2.54 mm (0.110 in.) was assumed at the free end. suggested splitting in two along the fiber direction. This support, the anby initial observation to be the site of crack initiation. The applied alytical prediction of ply failure in this location as it result of load in all cases was 4448 N ( I0(Xl lbs). as with the stress maps.
chordwise stresses. The profile for the assumed crack near the free end showed
The presence of matrix failure suggests an explanation for the what Figs. 6, 7, and 8 suggest: negligible values of the strain failure of all specimens below the midplane. In this region, the energy release rate, too small to produce failure. The data for chordwise stresses are positive, leading to possible tcnsilc failure the first two profiles appear as Fig. 19 . The distance Y is as defined of the matrix, which is more likely to lead to comnp;ctc spccimcn in Figs. 6. 7, and 8. failure than is the compressive failure which i,, to be found above Note that all data points shown in Fig. lQ are taken from the midplane. locations at least 1.016 mm (0.104 in.) from the surface of the specimen. Thus. for all data points, the peel stress is negligible, Conclusion as indicated by Fig. 6 . Consequently. crack growth is predominantly Mode 11. The spikes in the G distribution result from Finite-element analyses have been used to describe the bevariations in elastic properties from ply to ply.
havior of a quasi-isotropic short beam specimen. Short bcanm 0.01i
